The study aims to evaluate angular positioning accuracy and repeatability of DMU 65 monoBLOCK numerically controlled machine tool. The measurements were carried out with XL-80 Laser Interferometer with XR20-W attachment. The measurements were conducted according to the standard PN-ISO230-2. Test methodology and measurement results analysis are presented in a form of figures and tables. The final part presents conclusions from the analysis.
INTRODUCTION
Simultaneously with advances in subtractive machining technologies the dimensional and shape accuracy requirements for the components produced with CNC machine tools increase. The quality of finished products depends on, inter alia, positioning accuracy and repeatability of numerically controlled axes, linear and angular errors (and their measurements), axes alignment (assembly errors), or backlash in the servo drive (operational errors). Each inaccuracy of the machine is reflected in the final quality of the product [1] [2] [3] [4] .
In recent years, five-axis machine tools have become widely popular in production processes. This is because of growing capabilities of such machine tools in performing increasingly complex motions and in machining complicated shapes. Most of such machines are used in aircraft and automotive industries, where five-axis machine tools enable producing components of complicated geometry, such as: turbine blades, generators, geometrically intricate car or aircraft elements, etc. Realisation of complex machining motions requires multi-axis CNC machine tools with not only linear axes but with rotational axes as well.
The most widespread realisation of a rotary axis in CNC machines, without which it would be impossible to produce the mentioned components, are rotary or swivel rotary tables, frequently included in the machine tool as a complementation of a linear axis. Usually the rotary axes are parallel to selected linear axes of the machine tool; however, in certain machine tools the rotary axis is situated at a 45° angle to one of the linear axes of the machine. Rotary axes in machining centres do not have to be essentially connected with the table. In certain machine tools the design solutions enable the spindle axis to realise motions independently of the square table of the machine [4] [5] [6] .
While the accuracy of linear axes is relatively uncomplicated in control and compensation, it is only since quite recently that rotary axis errors can be equally effectively measured and compensated. This has been made possible by developments in diagnostic methods and tools dedicated for these applications. The study methods connected with rotary axis error measurement in machining centres can be divided into two categories. The first one is the method of rotary axis positioning error measurement, while the second category includes methods of spatial orientation of a rotary axis with relation to linear axes, determination of actual rotary axis and the evaluation of stability axis centre [7] [8] [9] [10] [11] [12] .
One of the most popular methods of rotary axis positioning error measurement is the method employing a laser interferometer with an attachment enabling measurement of rotary axes. This method is applied according to standard ISO 230-2 [13] . The interferometer attachment performs motions following the changes of rotary axis angular position in the opposite direction to the rotary motion of the table. The motion is set to maintain the measuring angle between the laser beam and the rotary table. The error is effectively the difference between the target position, determined by the laser system, and the actual angular position of the tested axis of a machine. This method enables verification of axis positioning accuracy, which is of great importance for component machining. The analysis of error characteristics enables verification of the sources of these errors (in the majority of cases an imprecise rotary angle encoder or its improper mounting [12] ). The precision of the interferometric method is ±0.5'' [14] [15] .
TEST CONDITIONS AND METHODOLOGY
The conducted tests aimed to measure the angular positioning accuracy and repeatability of C axis of a vertical machining centre CMU 65 monoBLOCK (Fig. 1) . The tested machine tool is used in piece production and in didactic process. The measurements were carried out according to international standard PN-ISO 230-2, describing norms for determination of geometric accuracy of machine tools for the machining of metals. The measurements were performed with XL-80 Laser Interferometer (Fig. 2) equipped with a rotary axis calibrator attachment XR20-W (Fig. 3) . The measurements provided data on errors critical to the dimensional and shape accuracy of produced components.
The diagnostic and measurement process is preceded by a series of setting and regulation procedures. At the first stage of these setting and regulation procedures, the XR20-W calibrator is located precisely on the rotary axis of the table (Fig. 4) . Next, the angular retroreflector is mounted on the magnetic base. XR20-W calibrator is wirelessly connected with the software via Bluetooth interface. In preparation for the C axis positioning accuracy measurement the machine tool table was programmed to perform a rotary motion at α=30° steps at the full rotation scope 360° (Fig. 5) . A 4 sec interval was at every discreet measurement position (at every 30°), during which time the angular position measurement was recorded and captured. After a full revolution, the table moved in the opposite direction (30° step size, 4 sec interval) until the initial target position was reached. Each test included three measuring cycles. In order to determine the measurement repeatability the tests were repeated 6 times in identical conditions. Table 1 and Table 2 show detailed statistical data and result analysis for three repetitions of 360° in set directions (CW and CCW) (as examples of results obtained in tests 1 and 2). Table 3 and Table 4 show selected errors measured in tests. All measurement results are presented with a cyclometric function expressed in arcsecs. The combination of XR20-W and laser interferometer allows measurement accuracy within ± 1arcsec, which corresponds to a displacement of less than 5 mm at a distance of 1 m). 
TEST RESULTS

Measurement and analysis of test results
CONCLUSIONS
Measurement and diagnostic methods for numerically controlled machine tools based on light wave interferometry are currently a leading solution in CNC machine tools diagnostics. Noncontact measurements provide superior accuracy in determining machine tool elements in motion, both linear and angular. In addition, the laser system offers excellent measurement accuracy.
The majority of modern CNC machine tools enable linear and angular error compensation. If repeatable, angular position errors can be compensated. Removing or minimising errors leads to improving the technical condition of machines, which is furthermore reflected in machining quality. This is obtained with simple, universal, user-friendly and high-precision laser interferometry measurement systems. An example of such a system is the XL-80 Laser Interferometer with XR20-W calibration attachment. It allows the estimation of linear and angular geometric errors.
The conducted tests for the analysed C axis of CNC machine tool show that maximum angular positioning deviation was obtained for the angular position 210°. These are, however, within the tolerance given in PN-ISO230-2. Angular positioning error of the rotary axis of the analysed machine tool did not exceed 6 arcsecs, and repeatability is equal to 3 arcsecs. According to ISO standards the errors measured in the analysed machine tool do not exceed the acceptable values. Based on obtained angular positioning error values the tested machine's condition can be described as very good. The obvious reason for the condition of the machine is that it has not been used in factory conditions, but served as a didactic tool and was used for piece production.
The test results presented in this paper were recorded in the database of the analysed machine history. They will serve as a base for building a prognostic model of geometric accuracy of machine tools. Building such a model, and its further application in factory conditions, will allow proper planning of the machine tool operation process (maintenance and repairs), whereas in a direct manner, it will allow reduce or compensate measured errors. The model will also serve as a classifier for determining the suitability of the analysed tool for production of components of particular dimensional and shape requirements.
